Abstract Municipal solid waste incinerator (MSWI) fly ash with high basicity (about 1.68) was vitrified in a thermal plasma melting furnace system. Through the thermal plasma treatment, the vitrified product (slag) with amorphous dark glassy structure was obtained, and the leachability of hazardous metals in slag was significantly reduced. Meanwhile, it was found that the cooling rate affects significantly the immobility of heavy metals in slag. The mass distribution of heavy metals (Zn, Cd, Cr, Pb, As, Hg) was investigated in residual products (slag, secondary residues and flue gas), in order to analyze the behavior of heavy metals in thermal plasma atmosphere. Heavy metal species with low boiling points accounting for the major fraction of their input-mass were adsorbed in secondary residues by pollution abatement devices, while those with high boiling points tended to be encapsulated in slag.
Introduction
Nowadays a total of approximately sixteen million tonnes of municipal solid waste (MSW) are incinerated annually in China [1] , which leads to the formation of four hundred and eighty to eight hundred thousand tonnes of fly ash [2] . The fly ash contains high concentrations of hazardous heavy metal compounds, soluble chlorides and sulphate salts, and organic contaminants including mainly dioxins and furans [3] . Therefore, MSWI fly ash is classified as hazardous material and must be stabilized or immobilized to make them safe and stable in China.
Different technologies have been adopted for the treatment of fly ash, such as cement-stabilized, chemical process, acid extraction and thermal process [4∼7] . Thermal plasma treatment has been widely accepted as a promising alternative for the vitrification and recycling of MSWI fly ash [8] . A very intensive radiation and heat energy generated by the thermal plasma heat the waste materials to a sufficiently high temperature and melt them. Organic species can be atomized while inorganic compounds may be vitrified in the plasma melting processes [9∼11] . After vitrification, some toxic substances, such as heavy metals, can be immobilized in the residue (slag), the leachability of the residue is substantially reduced and the resultant products could be potentially used.
So far, many works have been carried out on plasma vitrification of hazardous waste, such as low-level radioactive wastes (LLRW), MSWI residues, and sewage sludge waste. LLRW were compacted and vitrified by plasma torch, and the radioactive material was immobilized in a non-leaching glassy slag [12∼14] . MSWI residues, including bottom ash and fly ash, could be transformed to be stable, non-toxic and recycled by thermal plasma [15, 16] . However, it should be noted that evaporation status strongly affects the fate of heavy metal in thermal plasma treatment. Therefore, this issue has attracted attention of many scholars. JOHNSON found that lead is the most volatile among the trace elements during vitrification of soils contaminated with hazardous wastes using in situ plasma arc technology [17] . YASUI et al. studied vaporization behavior of cesium in plasma melting of simulated lowlevel miscellaneous solid wastes [18] . KATOU et al. investigated the distribution of heavy metal in discharge product during plasma melting MSWI residue in a plasma melting furnace [15] . FRUGIER et al. examined metallic vapors above the melt by optical emission spectroscopy (OES) method and adapted a model to simulate the noncongruent vaporization of heavy metals when vitrifying the flay ash [19] .
In our previous study, the distribution and decomposition efficiency of polychlorinated dibenzo-pdioxins/furans (PCDD/Fs) were investigated based on a thermal plasma vitrification experimental apparatus, which was developed at the Institute of Plasma Physics, Chinese Academy of Science for the treatment and recycling of MSWI fly ash [20, 21] . In this study, the effect of the thermal plasma vitrification on immobilization of heavy metals in fly ash was evaluated. The mass distribution of heavy metals was investigated in residual products, such as slag, secondary residues and flue gas, in order to analyze the behavior of heavy metals during vitrification of fly ash in this system.
Experiment and methods

Materials
The MSWI fly ash used in this study was collected from fabric filters in an air pollution control device (APCD) at a MSWI located in Zhejiang Province, China. In order to investigate the future practical application, the fly ash was vitrified without any additive. The fly ash appeared as fine grey powders and contained mostly inorganic residues, with an averaged particle diameter of just 42 µm. In order to assure that fine particles (fly ash) fell into the crucible and reacted thoroughly, it was pretreated in a dry granulate machine that compressed it into particles with an averaged diameter of about 5 mm.
Thermal plasma vitrification processing
The pilot experimental device used for thermal plasma vitrification was reported in detail in previous literature [20, 21] , with its detailed process flow diagram shown in Fig. 1 . The system consists of a plasma melting furnace (PMF), a feed subsystem, a slag gathering system, a metal recovery system, pollution abatement devices, and an automatic control system. In this system, about 550 kg of slag, 80 kg of secondary residues (extracted from flue gas in the pollution abatement devices) and 180 Nm 3 of flue gas were discharged for 1-tonne fly ash treatment. Experimental conditions were listed in Table 1 . A pelletization of fly ash without any additive was continuously carried into the hearth of the PMF through the segmented-wheel hopper vertically, and then melted in the hearth. The molten slag could be kept at about 1450 o C for about ten minutes to ensure complete melting through the special structure of the furnace [21] . Once melted, the slag was continuously discharged from the furnace through outlets at the bottom of the PMF and cooled separately by air and water. The yielded slags that were cooled by water and the ambient air were defined as water-quenched slag (WQS) and air-cooled slag (ACS). Both WQS and ACS were homogenous, vitreous in nature and non-transparent with dark color appearance. The difference was that WQS was small particle, much crisp, while ACS was large, and very hard. The external appearance of WQS and ACS is shown in Fig. 2 (a) and (b), respectively. 
Analysis method
The major elements contained in fly ash, WQS, ACS and secondary residues were determined with X-ray fluorescence (XRF) spectrometer. Except for secondary residues, results were expressed in terms of weight percent of oxide. Result of secondary residues was expressed in terms of weight percent of chemical elements, because of very little oxygen in secondary residues. The crystalline minerals presented in the fly ash, WQS, ACS and secondary residues were identified using Xray diffraction (XRD) measurements.
The flue gas sampler was equipped with a filter holder, a cooling device, a pump, and a flow meter. The flue gas was sampled iso-kinetically at an average flow rate of 5 L/min. Details of the sampling were given similarly by KUO et al [22] . Slag and metal were sampled in the slag gathering system and metal recovery system, respectively. Secondary residues were collected from each unit of the pollution abatement devices. All solid samples were preserved in sealed bottles for further analysis.
Solid samples, including fly ash, WQS, ACS and secondary residues were ground into fine particles with a mortar and pestle to ensure uniform digest efficiency. All samples were weighed precisely 0.5 g and digested in Teflon vessels hermetically at 150 o C for 1 h with an acid mixture composed, respectively, of 10 mL, 5 mL, 5 mL and 3 mL of hydrochloric, nitric, hydrofluoric and perchloric concentrated acids. After digestion, 3 mL of hydrochloric acid was added to dissolve soluble residue. The digests with addition of 5 mL ammonium chloride solution were diluted to exactly 50 mL, filtrated by a 0.8 µm-mixed cellulose ester filter and analyzed.
The toxicity characteristic leaching procedure (TCLP) is introduced to assess the mobility of heavy metal species in fly ash and slag. The extracts of TCLP were digested and diluted to a fixed volume following the detailed procedure given by the United States Environmental Protection Agency (USEPA) TCLP 1311 method and then analyzed.
The concentrations of metal species in solid sample digests and TCLP extracts, including arsenic and mercury, were analyzed by atomic fluorescence spectrophotometer (Vital AFS-230a). The concentrations of zinc, plumbum and chromium were analyzed by a plasma atomic emission spectrometer (Perkin Elmer Optima 7300 DV), and cadmium was determined with a plasma mass spectrometer (Thermo Fisher Scientific X Series 2).
3 Results and discussion 3 .1 Characterization of fly ash, slag and secondary residues
Chemical composition analysis
The chemical composition of fly ash, WQS and ACS determined by XRF was listed in Table 2 . The major elements in fly ash are silicon, calcium, iron, aluminum, sodium, magnesium, kalium, and titanium. Compared to fly ash, the concentrations of CaO, SiO 2 , Al 2 O 3 , MgO, TiO 2 , MnO and ZrO 2 are increased in both WQS and ACS, from which it can be inferred that most of the calcium, silicon, aluminum, magnesium, titanium, manganese and zirconium were migrated to slag, mostly because of their high boiling points. Similar results can also be found in other studies [15] . In addition, the total percentage amounts of CaO, SiO 2 and Al 2 O 3 are very high both in WQS (84.6 wt.%) and in ACS (83.0 wt.%). However, the concentrations of chlorine and SO 3 sharply decrease in slag, which are only 0.31 wt.% and 0.73 wt.% in WCS, and 0.76 wt.% and 0.75 wt.% in ACS respectively, which seem much lower than their initial concentrations in fly ash. Therefore, it can be confirmed that most of chlorine, sulphur, etc. are volatilized.
Since this system works in an oxygen-starved environment, oxygen is very lean in secondary residues, whereas concentration of chlorine is rather higher. The results are in good agreement with the above analysis. The lead compounds were presumed to be PbCl 2 from the XRF analysis of secondary residues, listed in Table 3 . Therefore, secondary residues from PMF are likely composed of NaCl, KCl, ZnO and PbCl 2 , which are volatile components. In a word, small amounts of ash elements such as silicon, calcium and aluminum, and high concentrations of chlorine, kalium, sodium, zinc, sulphur and plumbum were in secondary residues.
XRD phase analysis
The main crystalline phases of the fly ash determined by XRD are shown in Fig. 3(a) , which were sylvite (KCl), halite (NaCl), quartz (SiO 2 ), anhydrite (CaSO 4 ) and calcite (CaCO 3 ). This result was in a good agreement with the analysis from the XRF investigation. In general, it is clear that the fly ash contains the characteristic elements for glass formation. The XRD pattern of the slag exhibits a totally different phase in comparison to that of the fly ash as seen in Fig. 3 . As shown in Fig. 3(b) and (c), the XRD spectrum profile of WQS was similar to that of ACS. Both WQS and ACS examined in this study contain large amount of glass and are completely amorphous, as indicated by the broad diffusive band between 18 o and 36 o (2θ). It can be inferred that a calcium-siliconaluminum (Ca-Si-Al) based glassy structure was formed in both ACS and WQS. A slight difference is that, no significant crystalline peaks can be detected in WQS, while some significant crystalline peaks such as α-SiO 2 and NaCl, can be detected in ACS. This can be interpreted by the slow cooling rate which was beneficial to the formation of vitreous crystallization in ACS.
A previous study reported that the basicity (CaO/SiO 2 ) of fly ash would affect vitrification, and for a basicity beyond 0.990, it is not favorable for vitrification, whether by air-cooling or water quenching [23] . However, in our study, the basicity of fly ash is much higher (about 1.68). One of the reasons for this phenomenon is that due to the thermal plasma treatment the basicity is much decreased, and the basicity of WQS and ACS are approximately 1.0 and 1.1, respectively.
The crystalline minerals of secondary residues determined by XRD are shown in Fig. 3(d) . KCl, NaCl and ZnO were confirmed as the principal compounds of the secondary residues, which can also be presumed from XRF analysis of secondary residues listed in Table 3 .
Migration behavior of heavy metals
The concentration of heavy metals in fly ash was listed in Table 4 . These compositions were roughly similar to those found in other fly ash [24] . The distribution of heavy metals was shown in Fig. 4(a) and (b) . Only approximately 19.5% and 11.9% of the six heavy toxic metals end up in a very stable solid solution in the ACS and WCS, respectively. The fractions of metal mass discharged in flue gas were of such minute quantity that they can well be neglected, indicating a high efficiency of off-gas cleaning subsystem.
Approximately 77.0% of zinc and 97.9% of cadmium were volatilized in PMF and condensed in the pollution abatement devices as particulate matter in secondary residues. This is mainly because zinc and cadmium, or their chlorides in fly ash have lower boiling point and higher vapor pressure. CdO was decomposed to metal at the temperature of PMF, which was also adsorbed in the secondary residues.
Chromium shows a high solidification rate because of its low volatility, and the rate reaches about 59.4% in ACS and 57.4% in WQS, respectively. There is much concern about chromium with a valence of +6. Only the +2 and +3 chromium species are expected to form compounds because PMF works in an oxygen-starved environment. Chromium prefers much more the oxidation reaction, so chromium species mainly exist in the form of chromia in fly ash. Chromia possesses a higher boiling point and lower vapor pressure, leading to the low vaporization rate of chromium.
In an oxygen-starved environments with high temperature, as in PMF, the plumbum species mainly exist in the form of lead oxide and lead chloride. The depletion of plumbum from the melting slag arises from vaporization of PbCl 2 [2] , which has lower boiling point and higher vapor pressure than other compounds of plumbum, and has thus a tendency to go into the off-gas and then condense in secondary residues in the pollution abatement devices. Therefore, more than 94% of plumbum was volatilized, as seen in Fig. 4 .
Arsenic, in an oxygen-starved environment of PMF, will probably be reduced to metallic state and be volatilized in a metallic form, which has much lower boiling point and very high vapor pressure, tending to go into off-gas and being collected as particulate matter.
Mercury oxide decomposes at 300 o C. Since the mercury chloride activity is not strong, there is probably mercury-metal vapor condensing in the off-gas subassembly and ending up in the particulate matter [25] . Therefore, almost all mercury are volatilized in off-gas and captured in pollution abatement devices.
As a result, the heavy metals zinc, plumbum, cadmium, arsenic and mercury were mostly volatilized and enriched in the secondary residues, whereas, heavy metal of chromium was mostly encapsulated by slag. In comparison to fly ash, the contents of plumbum and zinc were extremely high and totally to be about 101 g/kg in secondary residues, implying that their recovery by acid or alkaline leaching deserves consideration. Both metals can also be re-concentrated to higher levels by recycling secondary residues in the PMF for more economical recovery [26] . Note that contents of heavy metals encapsulated in WQS were lower than those in ACS, mostly because some heavy metal compounds in WQS were dissolved in water when they were quenched in water. It means that the water used for quenching slag is also a harmful waste.
Leaching characteristics of heavy metals
As mentioned in the previous section, the plasma vitrification of fly ash leads to the formation of a chemically restructured vitreous silicate matrix, which may have the potential to immobilize heavy metals and decrease their leachability.
The results of the leaching test are listed in Table 5 and compared with the current regulatory thresholds of China. For the fly ash, the leaching concentrations of zinc, cadmium, chromium, plumbum, arsenic, and mercury are 0.4 mg/L, 1.0 mg/L, 1.4 mg/L, 12.2 mg/L, 0.011 mg/L, and 0.011 mg/L, respectively. The leachate concentration of plumbum in the TCLP test is high and more than 2 times higher than the regulatory limit of China. It can be seen that the vitrification in a form of WQS and ACS significantly decreases the mobility behavior of the target heavy metals. For both of these slags, the extracted amounts of heavy metals are much lower than the regulatory limit of China, as listed in Table 5 . However, the heavy metals leaching results of WQS are lower than those of ACS, which is mostly attributed to the fast cooling rates of molten slag. Rapid cooling, such as water-quenching, can retard the formation of crystalline phases and make the glassy amorphous phase to distribute more uniformly in slag [23] . Therefore, some significant crystalline peaks can be detected by XRD in ACS, while no significant crystalline peaks can be detected by XRD in WCS, as shown in Fig. 3(b) and (c), respectively.
Conclusion
A solid waste coming from the MSWI with high basicity (about 1.68) was successfully vitrified in the ternary CaO-Al 2 O 3 -SiO 2 system at a temperature of 1450 o C. The reduced mobility of toxic heavy metals in the slag after plasma vitrification was verified by the TCLP test. The leachability of hazardous metals in slag was significantly reduced. However, the heavy metals leaching results of WQS are much lower than those of ACS, because the faster cooling rate results in less mobility of heavy metals in slag, which can retard the formation of crystalline phases and make the glassy amorphous phase to distribute more uniformly in slag.
More than 80% of the six heavy metals were evaporated into off-gas, while only 19.5% and 11.9% of the six toxic heavy metals ended up in a very stable solid solution in ACS and WQS, respectively. The distributions of metal output-mass in this system are governed by boiling point, vapor pressure and chemical forms of metal. The fractions of metal mass discharged in flue gas were negligible. During plasma vitrification, metal species with low boiling points, including zinc, cadmium, plumbum, arsenic and mercury, were mostly adsorbed by pollution abatement devices. Chromium was mainly trapped with slag.
Heavy metals are concentrated in secondary residues during plasma vitrification. The secondary residues are a harmful waste if discarded, but the heavy metals will be a valuable resource if recovered. Especially, the contents of zinc and plumbum are found very high in the secondary residues, so their recovery by acid or alkaline leaching deserves consideration. Both metals can also be re-concentrated to higher levers by recycling secondary residues in PMF for more economical recovery.
The contents of heavy metals trapped in WQS were a little lower than those in ACS, because some soluble heavy metals compound dissolved into water during water quenching. Therefore, it should be noted that water used for quenching slag can not be discharged without treatment.
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